Gastrointestinal stromal tumors (GISTs) are mesenchymal neoplasms driven by oncogenic, mutational activation of KIT or platelet-derived growth factor receptor a (PDGFRA). GIST-specific KIT or PDGFRA mutations have been linked to tumor location, tumor cell morphology and clinical behavior. The purpose of this study was to evaluate the clinicopathologic profile of GISTs that have KIT exon 13 or exon 17 mutations. Through the collaboration of several GIST research groups, we gathered 54 cases from the pre-imatinib era that had such primary mutations. From our observations and those in the literature, we estimate that the frequency of these mutations is no higher than 1-2%. Almost all (32 of 33, 97%) of the KIT exon 13 mutations were the 1945A4G substitution leading to Lys642Glu. A majority (15 of 21, 71.4%) of the KIT exon 17 mutations were the 2487T4A substitution leading to Asn822Lys. Demographic and clinicopathologic data were available for 26 and 14 KIT exon 13 and exon 17 mutant GISTs, respectively. Median age and male to female ratio were similar to ones reported in other GIST studies. Small intestinal tumors were two times more frequent than gastric ones among KIT exon 17 mutants. Also, intestinal tumors were slightly overrepresented among KIT exon 13 mutants when compared with population-based studies. The majority of KIT exon 13 or exon 17 mutants had a spindlecell morphology and only a few had epithelioid features. Tumor size varied from 1.2 to 25 cm and average mitotic rates were 9.5 and 4.2 for KIT exon 13 and exon 17 mutants, respectively. Gastric KIT exon 13 mutant GISTs tend to be slightly larger and more aggressive than gastric GISTs in average, whereas the behavior of small intestinal GISTs with KIT exon 13 mutations does not differ from other small intestinal GISTs. The latter is also true for all KIT exon 17 mutant GISTs. Modern Pathology (2008) 21, 476-484; doi:10.1038/modpathol.2008 published online 1 February 2008 Keywords: GIST; KIT; tyrosine kinase domain; mutation Gastrointestinal stromal tumor (GIST) is the most common gastrointestinal, mesenchymal neoplasm driven by oncogenic activation of KIT or plateletderived growth factor receptor a (PDGFRA), a tyrosine kinase receptor. GISTs occur in different parts of GI tract and show a histological spectrum. Although spindle-cell morphology predominates, tumors with epithelioid or pleomorphic cell features
Gastrointestinal stromal tumor (GIST) is the most common gastrointestinal, mesenchymal neoplasm driven by oncogenic activation of KIT or plateletderived growth factor receptor a (PDGFRA), a tyrosine kinase receptor. GISTs occur in different parts of GI tract and show a histological spectrum. Although spindle-cell morphology predominates, tumors with epithelioid or pleomorphic cell features also occur. Despite different histological appearances, KIT expression is seen in a great majority of GISTs. Biological potential of GISTs vary from indolent, benign tumors to highly malignant sarcomas. 1 KIT and PDGFRA are members of type III tyrosine kinase receptor family. Activation of their signaling pathways is crucial for the development and maintenance of different cell populations including those of interstitial cells of Cajal, the GIST progenitor cells. 2 Initially, gain-of-function KIT mutations were found in a subset of GISTs; 3 however, subsequent studies identified activating PDGFRA mutations in some KIT wild-type (WT) tumors. 4 The majority of PDGFRA mutants represent gastric tumors with an epithelioid cell morphology. 5 A great majority of KIT mutations affect exon 11, encoding the juxtamembrane domain; these include a spectrum of in-frame deletion/deletion-insertions, single nucleotide substitutions and duplications. In gastric tumors, the presence of KIT exon 11 deletion/deletion-insertions has been linked to more malignant clinical behavior. 6 Also, it was shown that detection of Tyr557_Lys558del in gastric and other GISTs predicts unfavorable outcome. 7, 8 KIT extracellular domain mutations cluster in exon 9 and with rare exceptions represent duplication of six nucleotides leading to Ala502_Tyr503dup at the protein level. 9 KIT exon 9 mutations occur almost exclusively in intestinal GISTs. 10 In GISTs, KIT tyrosine kinase domain mutations have been identified in exon 13 encoding part of the first tyrosine kinase (TK1) domain (ATP-binding domain) and in exon 17 encoding part of the second tyrosine kinase (TK2) domain (enzymatic loop). Reported KIT exon 13 mutations consist of singlenucleotide substitutions, 1945A4G leading to Lys642Glu and KIT exon 17 mutations consist of either 2485A4C or 2487T4A substitutions, leading to Asn822Lys and Asn822His mutations, respectively. 9, 11 Imatinib mesylate is a tyrosine kinase inhibitor successfully used in the treatment of unresectable and metastatic GISTs. 12, 13 KIT-TK1 and -TK2 mutations have been only sporadically reported in untreated GISTs. 10, 14 However, these KIT domains are commonly affected by secondary mutations acquired during imatinib mesylate treatment and causing tumor resistance to this therapy. 15 Although several KIT exon 13 and exon 17 mutants have been reported, [8] [9] [10] [11] 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] complete demographic and clinicopathologic data have been provided only in a few cases. Thus, the clinicopathologic profile of tumors with such mutations is not known.
The purpose of this study was to evaluate frequency, morphologic features and natural history of GISTs with rare primary KIT exon 13 or exon 17 mutations and define the clinicopathologic profile of such tumors. To achieve this goal, several groups focused on GIST research participated in this study. The tumors were diagnosed based on previously published criteria including morphologic and immunohistochemical features. 1, 15 Complete or partial clinicopathologic data were retrieved in 40 cases. Mitoses were counted in 50 high-power fields (HPFs), a total area of 5 mm 2 . Clinical follow-up data were obtained from the AFIP files or provided by contributors. Based on tumor size and mitotic activity, GISTs were classified into eight clinicopathologic prognostic groups as reported previously (Table 1) . Prognostic comparative data were analyzed using Kruskal-Wallis test. All statistical tests were two sided and 5% level of significance was used. 
Materials and methods

Results
Molecular Studies
Thirty-two (97%) of 33 KIT exon 13 mutations were the 1945A4G substitution leading to Lys642Glu. In one tumor (Case 14), two substitutions, 1945A4G and 1948G4A, were identified leading to Lys642-Glu and Val643Ile mutations, respectively. Two (6.1%) of KIT exon 13 mutations reported in this study were homozygous by direct sequencing.
Fifteen (71.4%) of 21 KIT exon 17 mutations represented 2487T4A substitution leading to Asn822Lys mutation. In one tumor (Case 11), variant substitution 2485A4T leading to Asn822Tyr mutation was identified. Moreover, substitutions at codons 816 (n ¼ 2), 820 (n ¼ 2) and 823 (n ¼ 1) leading to Asp816Phe, Asp816Tyr, Asp820Tyr, Asp820Val (Case 4) and Tyr823Asp, were also found in single cases. However, clinical data were not available for four cases with these mutations. All KIT mutations identified in exon 17 were heterozygous. Representative examples of direct sequencing of PCR products are shown in Figure 1 .
Demographic and Clinicopathologic Profile of KIT Exon 13 Mutant GISTs
The demographic and clinicopathologic data of KIT exon 13 mutant GISTs are listed in Table 2 . Age and sex of the patient were available for 26 cases. The ratio of men to women was 13:13, and median age was 67. There were 2 esophageal, 10 gastric, 8 small intestinal, 2 colonic and 1 rectal GIST. In three cases, tumor location was unknown. Tumor size was available in 21 cases and varied from 1.2 to 25 cm (average 9.5 cm). Ten (47.6%) of 21 KIT exon 13 mutant tumors were 45 cm. Thirteen (59.1%) of 22 analyzed tumors had 45 mitoses per 50 HPFs. Average tumor size and mitotic activity are listed in Table 3 .
Based on tumor size and mitotic activity, two of eight gastric GISTs were considered to have a high risk (485%) of developing metastatic disease. However, one of these patients was alive without evidence of disease after 84 months of follow-up. Clinical observations documented GIST metastases in two other patients, one of which had a tumor with moderate risk features (16%). Half of small intestinal GISTs were considered to have a high risk (50-90%) of developing metastatic disease, and metastases were confirmed in two cases by follow-up. Another half represented tumors with no or low risk (4.3-8.5%) of metastatic disease. Distribution of gastric and small intestinal tumors among prognostic groups is shown in Table 4 .
The majority (18 of 22) of GISTs with KIT exon 13 mutations had a spindle-cell morphology. Two of four remaining tumors showed epithelioid features, while the other two had mixed spindle cell and epithelioid morphology with focal pleomorphism. Representative histological images are shown in Figure 1 .
Immunohistochemically, KIT expression was seen in all analyzed cases (n ¼ 18). CD34 was expressed in 15 of 16 analyzed tumors; however, in two cases only focally. SMA was expressed in 9 of 16 tumors; in most (n ¼ 7) cases focally. One tumor showed coexpression of desmin and S-100 protein.
Demographic and Clinicopathologic Profile of KIT Exon 17 Mutant GISTs
The demographic and clinicopathologic data of KIT exon 17 mutant GISTs are listed in Table 5 . Patient age and sex were available in 14 cases. The ratio of men to women was 6:8, and the median age was 64. There were four gastric and eight small intestinal GISTs. In two cases, tumor location was unknown. Tumor size was recorded in 11 cases and varied from 2.5 to 18 cm (average 8.1 cm). Seven (63.6%) tumors measured 45 cm. Histologic slides were available in 12 cases. All three gastric tumors and majority (five of six) of intestinal GISTs showed low mitotic activity, o5 mitosis/50 HPFs. Average tumor size and mitotic activity are listed in Table 3 .
Based on tumor size and mitotic activity, three gastric tumors were considered to have a low risk (1.9%) of developing metastatic disease. In two cases, benign behavior was confirmed by diseasefree follow-up of 13 and 16.6 years. However, three intestinal tumors were considered to have a high risk (450%) of metastatic disease. Two of these patients developed GIST metastases or died of GIST after 46 and 12 months, respectively; the third patient died of unknown causes after 24 months. Also, in one case in which full pathology parameters were not available for assessment of malignant KIT Table 4 .
Ten (83%) of 12 KIT exon 17-mutant GISTs had a spindle-cell morphology. Predominant or focal epithelioid morphological cell features were seen in two intestinal tumors. Immunohistochemical KIT expression was documented in all analyzed tumors (n ¼ 10). CD34 and SMA were expressed in five and six tumors, respectively. One tumor showed expression of S-100 protein.
Frequency of KIT exon 13 and exon 17 Mutants Table 6 shows previously published data on the frequency of KIT exon 13 and exon 17 mutants. Cases from two clinical trials 28, 29 and two population-based studies 20, 25 were combined and the frequency was evaluated for each cohort. Both KIT exon 13 and exon 17 mutant GISTs appear to be slightly more frequent (1.6 and 1%, respectively) among clinical trial patients than in populationbased patients (1.1 and 0.75%, respectively). Overall, the frequency of KIT exon 13 and exon 17 mutants found in other non-trial-based studies was similar to that found in population-based studies. Based on our experience and published data, we conclude that the combined frequency of KIT exon 13 or exon 17 mutations among all GISTs is 1-2%.
Statistical Studies
Risk of progressive disease in the cohorts of gastric or small intestinal GISTs with KIT exon 13 mutation and small intestinal GISTs with KIT exon 17 mutation was compared with risk of progressive disease in the cohorts of gastric or small intestinal 
Tumor size (cm) 9. GISTs without determined mutational status. Cohorts of gastric and small intestinal GISTs without determined mutational status were taken from previously published studies. 6, 26 All results of statistical studies are shown in Table  4 . A risk of progressive disease was higher in gastric GISTs with KIT exon 13 mutation than in gastric GISTs without determined mutational status.
Discussion
Although KIT tyrosine kinase domain mutations are very rare in GISTs, our multicenter collaboration involving several groups of GIST researchers from the US and Europe allowed us to collect a significant number of KIT exon 13 (n ¼ 33) and exon 17 (n ¼ 21) mutant GIST and study their (n ¼ 40) clinicopathologic profile.
Initially, a Lys642Glu mutation was reported in two (25%) of eight GISTs that lacked KIT exon 11 mutations and was shown to cause constitutive KIT tyrosine phosphorylation. 9 A family with germline Lys642Glu mutation developing multiple GISTs was reported subsequently. 30 Recently, a mouse model reproducing human familial GIST syndrome with inherited Lys642Glu mutation has been developed. 31 In this study, almost all (32 of 33) KIT exon 13 mutants had an identical 1945A4G substitution leading to Lys642Glu mutation, and two substitutions 1945A4G and 1948G4A leading to Lys642Glu and Val643Ile were seen only in one case. More recently, two groups reported four KIT exon 13 mutations clustering in the vicinity of codon 642 in primary GISTs. These mutations consisted of singleamino acid substitutions Leu641Pro, Val643Ala, Leu647Pro and Met651Val. Constitutive KIT tyrosine phosphorylation by these mutations has not been documented. [21] [22] [23] Three of these mutations were identified in a relatively small cohort of 69 patients resulting in a surprisingly high frequency of unusual mutants. 22, 23 The first two KIT exon 13 mutations reported in GISTs were homozygous by direct sequencing; however, results of fluorescence in situ hybridization (FISH) and loss of heterozygosity (LOH) studies suggested duplication of the mutant KIT allele in those cases. 9 Also, a recent large study on homozygous KIT exon 11 mutations showed that a loss of KIT-WT is followed by a duplication of KIT-MT allele. 32 Thus, different homozygous mutations might have a similar universal molecular mechanism in GISTs. In this study, homozygous KIT exon 13 mutations were found in 2 (6.1%) of 33 cases. Both GISTs with homozygous KIT exon 13 mutations were malignant tumors with moderate (16%) to high (90%) risk of metastatic disease. A malignant clinical behavior was also reported in majority of homozygous KIT exon 11 GIST mutants. 32 In sporadic GISTs, previously reported KIT exon 17 mutations involved exclusively codon 822. 11, 18 In this study, several exceptions were found showing that some GISTs have KIT exon 17 mutations similar to those more commonly associated with mastocytosis and urticaria pigmentosa, gonadal germ cell tumors of seminoma/dysgerminoma type, mediastinal seminomas and sinonasal natural killer/T-cell lymphomas. 33 An Asp820Tyr mutation previously identified in familial GIST syndrome 30 was also found in one case.
KIT exon 11 mutations have been found in GISTs from different locations. However, duplications in the 3 0 part of KIT exon 11 have shown a predilection to gastric tumors with spindle-cell morphology. 34 Also, various PDGFRA mutations have been found mostly in gastric GISTs, especially those with epithelioid morphology. 5, 35 In contrast, a great majority of Ala502_Tyr503dup mutants have been reported in intestinal tumors. 27, 36 In this study, KIT exon 13 and exon 17 mutations showed a predilection to GISTs of intestinal and small intestinal location, respectively. It is possible that GISTs showing predilection to different GI-tract locations might develop from different subsets of interstitial cell of Cajal. 37 A great majority of KIT exon 13 and exon 17 mutant GISTs had spindle-cell morphology. However, three malignant small intestinal tumors showed predominantly epithelioid morphological features. Recent study based on 906 GISTs suggested that epithelioid cell features seen in small intestinal tumors might represent malignant transformation. 26 All KIT tyrosine kinase mutants expressed KIT; however, almost all tumors with KIT exon 13 mutations coexpressed CD34. Previously, CD34 expression was documented in 82% of gastric tumors but only in 40% of small intestinal ones. 1 The frequency of KIT exon 13 (Lys642Glu) and exon 17 (Asn822Lys) mutations varies between 1 and 2% in most studies (Table 6 ). An apparently higher frequency (2.5-4%) of these mutations was reported in three studies based on GIST cohorts smaller than 100 cases. 11, 16, 25 Thus, these results might represent random statistical variations. Also, there were no significant differences in frequency of KIT exon 13 or exon 17 mutations in GISTs from oncologic trials 28, 29 and population-based studies. 20, 25 A Slightly higher frequency of KIT exon 13 and exon 17 mutations in GISTs from clinical trials might be related to increased number of intestinal GISTs in such trials, which in general follow more malignant course of disease and are overrepresented among KIT exon 13 and exon 17 mutants.
Previous studies showed that some type of KIT mutations could be linked to malignant behavior. For example, gastric GISTs with KIT exon 11 deletions follow a more malignant course of disease than the ones with point mutations. 6 Also, the presence of Tyr557_Lys558del was linked to unfavorable GIST clinical outcome. 7, 8 An Ala502_Tyr503dup, exclusively seen in small intestinal tumors, was initially associated with poor outcome, when GISTs from different locations were analyzed. 27, 36 However, comparison between small intestinal GISTs with KIT exon 11 mutations and tumors with KIT exon 9 mutations did not show a significant difference in clinical behavior suggesting that association between Ala502_Tyr503dup and malignant outcome was consequence of more malignant behavior of small intestinal GISTs than gastric tumors. 26 In this study, a link between KIT exon 13 or exon 17 mutations and malignant clinical behavior could not be established in small bowel tumors probably contributed by incomplete pathology parameters and relatively small number of cases. However, tumors with moderate or high risk of metastases predominated among gastric GISTs with KIT exon 13 mutations.
Imatinib mesylate, a KIT and PDGFRA tyrosine kinase inhibitor has been used successfully for a treatment of unresectable and metastatic GISTs. 12, 13 Patients with KIT exon 11 mutant GISTs are more likely to achieve a partial response to imatinib mesylate treatment than those with tumors harboring other KIT mutations. 15, 28, 29 Although in vitro studies suggested inhibition of KIT Lys642Glu oncoprotein by imatinib mesylate, 38 clinical data are limited, because KIT exon 13 or exon 17 mutant GISTs are extremely rare.
Three previous studies identified partial response and stable disease in seven and two patients with KIT exon 13 mutant GISTs, respectively. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In this study, one GIST (Case 16) not included in the previous series, showed slow progression on imatinib mesylate treatment (Martin J, personal communication). In patients with KIT exon 17 mutant GISTs, partial response or stable disease and progressive disease was seen in 4 and 1 cases, respectively. 28, 29 GISTs can acquire resistance to the imatinib during a treatment and such resistance has been linked to secondary KIT or PDGFRA mutations. Secondary KIT mutations affect exons 13 and 14 in KIT-TK1 and exon 17 in KIT-TK2 domains, respectively. Primary and secondary mutations in KIT-TK1 domain affect different codons. In contrast, the primary and secondary mutations in KIT exon 17 cluster in the same 'hot spots'. 40 In summary, we have defined the clinicopathologic profile of GISTs with primary mutations in KIT tyrosine kinase domains. The frequency of such tumors among all GISTs is no higher than 1-2%. Generally, these tumors show spindle-cell morphology and a predilection for the small intestine. KIT exon 13 mutant gastric GISTs tend to be significantly more aggressive than gastric GISTs in average, whereas gastric GISTs with KIT exon 17 mutations did not show any similar tendency. However, the behavior of small intestinal GISTs with KIT exon 13 or exon 17 mutations does not differ from other small intestinal GISTs.
